Current evidence suggests that hematopoietic stem/progenitor cell (HSPC) mobilization by granulocyte colonystimulating factor (G-CSF) is mediated by induction of bone marrow proteases, attenuation of adhesion molecule function, and disruption of CXCL12/CXCR4 signaling in the bone marrow. The relative importance and extent to which these pathways overlap or function independently are uncertain. Despite evidence of protease activation in the bone marrow, HSPC mobilization by G-CSF or the chemokine Gro␤ was abrogated in CXCR4 Ϫ/Ϫ bone marrow chimeras. In contrast, HSPC mobilization by a VLA-4 antagonist was intact. To determine whether other mobilizing cytokines disrupt CXCR4 signaling, we characterized CXCR4 and CXCL12 expression after HSPC mobilization with Flt3 ligand (Flt3L) and stem cell factor (SCF). Indeed, treatment with Flt3L or SCF resulted in a marked decrease in CXCL12 expression in the bone marrow and a loss of surface expression of CXCR4 on HSPCs. RNA in situ and sorting experiments suggested that the decreased CXCL12 expression is secondary to a loss of osteoblast lineage cells. Collectively, these data suggest that disruption of CXCR4 signaling and attenuation of VLA-4 function are independent mechanisms of mobilization by G-CSF. 
Introduction
Under basal conditions, the great majority of hematopoietic stem and progenitor cells (HSPCs) reside in the bone marrow. In response to injury or after administration of a wide range of pharmacologic agents, HSPCs are mobilized into the circulation. Clinically, HSPC mobilization has been exploited as a means to obtain hematopoietic stem cells for therapeutic transplantation. In fact in current practice, mobilized blood has essentially replaced bone marrow as a source of HSPCs for stem cell transplantation. 1, 2 The most widely used mobilizing agent in the clinical setting is granulocyte-colony-stimulating factor (G-CSF). Treatment with G-CSF mobilizes sufficient numbers of HSPCs for transplantation in most donors with a minimum of toxicity. Nevertheless, development of more rapid and effective mobilization protocols would be of great clinical interest. 2 This could be achieved, in theory, by identifying downstream mechanisms important in HSPC mobilization and targeting those mechanisms directly, either individually or in combination.
Although the mechanisms by which G-CSF induces HSPC mobilization are not fully understood, there is evidence that 3 general pathways are in involved: activation of proteases, attenuation of adhesion molecule function, and disruption of CXCL12/CXCR4 signaling (reviewed in Levesque et al 3 and Papayannopoulou 4 ). G-CSF administration is associated with the activation of several proteases and down-regulation of serpin family protease inhibitors in the bone marrow. [5] [6] [7] [8] This results in the induction of a proteolytic bone marrow environment that may contribute to HSPC mobilization by degrading extracellular matrix and cleaving key signaling molecules. 5, 7, 9 However, mice genetically deficient in several implicated proteases mobilize normally, suggesting that either protease activation is not a necessary event in HSPC mobilization or that redundant protease pathways compensate during mobilization in knockout mice. 10, 11 Thus, the role of proteases in HSPC mobilization remains controversial.
Very late antigen-4 (VLA-4/␣4␤1 integrin) is one of the principal integrins regulating HSPC function. 12 Vascular adhesion molecule-1 (VCAM-1, CD106), a major ligand for VLA-4, is constitutively expressed in the bone marrow. [13] [14] [15] Inhibition of VLA-4 or VCAM-1 function results in rapid HSPC mobilization. Moreover, G-CSF administration results in a loss of VCAM-1 expression in the bone marrow, implicating this pathway in G-CSF-induced mobilization. 16 There is accumulating evidence suggesting that CXCL12 (stromal-derived factor-1, SDF-1) through interaction with CXCR4 plays an important role in regulating HSPC trafficking. CXCR4 Ϫ/Ϫ bone marrow chimeras display constitutive HSPC mobilization, 17 and treatment with CXCR4 antagonists results in rapid HSPC mobilization. 18, 19 G-CSF administration is associated with a decrease in CXCL12 protein and mRNA expression in the bone marrow and lower surface expression of CXCR4 on HSPCs. 7, 20, 21 We and others previously reported that G-CSF-induced suppression of osteoblasts may account for the decreased CXCL12 expression in the bone marrow. 20, 22, 23 However, several recent reports question whether osteoblasts express significant amounts of CXCL12, raising the possibility that osteoblast loss during G-CSF treatment represents a coincidental finding that does not play a role in mobilization. 24, 25 The relative importance of each of these pathways to HSPC mobilization and the extent to which they overlap or function independently are largely unknown. For example, activation of proteases may contribute to cleavage of both CXCL12 and adhesion molecules in the bone marrow. 7, 16 Similarly, CXCL12 signaling might potentiate adhesion molecule interactions between stromal cells and HSPCs. 26 To better understand these relationships, we investigated the function of mobilization pathways in the absence of the CXCL12/CXCR4 signaling. Using CXCR4 Ϫ/Ϫ bone marrow chimeras, we show that in the absence of CXCR4 signaling, G-CSF-and CXCL2 (growth-regulated protein beta [Gro␤])-but not anti-VLA4-induced HSPC mobilization is abrogated. Moreover, we provide evidence that loss of CXCL12 expression by osteoblast is a common and key step in cytokineinduced mobilization.
Methods

Mice
CXCR4 ϩ/Ϫ and congenic C57BL/6 mice carrying the Ly5.1 gene (B6.SJLPtprc* Pep3b BoyJ) were obtained from The Jackson Laboratory and pOBCol2.3-GFP was a generous gift from Dr David Rowe (University of Connecticut, Hartford, CT). All mice were inbred onto a C57BL/6 background at least 10 generations. Sex-and age-matched mice between 6 and 16 weeks of age were used in accordance with the guidelines of the Washington University Animal Studies Committee.
Fetal liver transplantation
Fetal liver cells from 12-to 15-dpc CXCR4 ϩ/Ϫ intercrosses were cryopreserved in RPMI 1640 with 20% fetal calf serum and 20% dimethylsulfoxide (Sigma-Aldrich). Genotyping of genomic DNA prepared from a portion of the embryo was performed to identify CXCR4 ϩ/ϩ and CXCR4 Ϫ/Ϫ embryos, as previously described. 27 Recipient mice were conditioned with 900 cGy from a 137 Cesium source at a rate of approximately 95 cGy/min 24 hours before transplantation. After thawing, 5 ϫ 10 6 CXCR4 Ϫ/Ϫ or wild-type fetal liver cells were injected into the lateral tail vein of recipient mouse. Prophylactic antibiotics (Trimethoprim-Sulfamethoxazole; Alpharma) were given during the initial 2 weeks after transplantation.
Mobilization protocols
G-CSF, Flt3 ligand, and SCF. Recombinant human G-CSF, Flt3 ligand (Flt3L), or stem cell factor (SCF; all from Amgen) were diluted in phosphate-buffered saline (PBS) with 0.1% low endotoxin bovine serum albumin (BSA; Sigma-Aldrich) and administered by daily subcutaneous injection for 7 days at a dose of 250 g/kg (G-CSF), 10 g/mouse (Flt3 ligand), or 4 g/mouse (SCF). Mice were analyzed 3 to 4 hours after the final cytokine dose.
BIO5192. The VLA-4 antagonist BIO5192, a generous gift from Genzyme was reconstituted to a final concentration of 0.2 mg/mL in sterile 10:36:54 ethanol-propylene glycol-water and administered as a single intravenous injection at a dose of 1 mg/kg. Mice were analyzed 3 hours after injection.
Gro␤. Recombinant human Gro␤, a generous gift from Genzyme, was diluted in sterile PBS with 0.1% BSA and administered by subcutaneous injection at a dose of 2.5 mg/kg. Mice were analyzed at indicated times after injection.
AMD3100. AMD3100 (Sigma-Aldrich) was reconstituted in sterile PBS with 0.1% BSA and administered by subcutaneous injection at a dose of 5 mg/kg.
Peripheral blood and bone marrow analysis
Blood was obtained by retro-orbital venous plexus sampling in polypropylene tubes containing EDTA. Bone marrow cells were isolated by flushing femurs and tibias with 3 to 4 mL ice-cold PBS. Bone marrow extracellular fluid was obtained by flushing each femur with 400 to 1000 L PBS, and the supernatant was harvested after centrifugation at 400g for 3 minutes.
Metalloproteinase and NE assay
Metalloproteinase activity in bone marrow extracellular fluid was measured with the EnzChek Gelatinase kit using the DQ Gelatin fluorescein conjugate substrate, according to the manufacturer's instructions (Invitrogen). Neutrophil elastase (NE) activity was measured by incubating bone marrow plasma (50 L) with the NE-specific substrate N-methoxysuccinyl Ala-AlaPro-Val P-nitroanilide (Sigma-Aldrich), as previously described. 28
CXCL12 ELISA
Quantification of CXCL12 protein in bone marrow extracellular fluid was performed using commercially available enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems) according to the manufacturer's instructions.
CFU-C assay
Blood, bone marrow, and spleen cells were harvested from mice using standard techniques and the number of nucleated cells in these tissues was quantified using a Hemavet (Drew Scientific) automated cell counter. We plated 7 to 35 L blood, 10 5 nucleated spleen cells, or 2.0 ϫ 10 4 nucleated bone marrow cells in 2.5 mL methylcellulose media supplemented with a cocktail of recombinant cytokines (MethoCult 3434; StemCell Technologies). Cultures were plated in duplicate and placed in a humidified chamber with 6% carbon dioxide (CO 2 ) at 37°C. Colonies containing at least 50 cells were counted on day 7 of culture. The total number of bone marrow colony-forming cells (CFU-Cs) was calculated assuming that one femur represents 6% of the animal's total bone marrow. 29 Similarly, total peripheral blood CFU-C was calculated assuming a total blood volume of 1.8 mL. 29 
Real-time quantitative RT-PCR
Femurs were each flushed with 1 mL Trizol reagent (Invitrogen) and RNA was isolated according to the manufacturer's instructions. Quantitative real-time reverse transcriptase-polymerase chain reaction (RT-PCR) was performed using the TaqMan One-step RT-PCR Master Mix Reagents Kit (Applied Biosystems) on a GeneAmp 7300 Sequence Detection System (Applied Biosystems). The reaction mix consisted of 5 L RNA, 12.5 L RT-PCR reaction mix, 200 nM forward primer, 200 nM reverse primer, 280 nM internal probe, and 0.625 L Multiscribe reverse transcriptase (Applied Biosystems) in a total reaction volume of 25 L. Reactions were repeated in the absence of reverse transcriptase to confirm that DNA contamination was not present. RNA content was normalized to murine ␤-actin. PCR conditions were 48°C for 30 minutes and 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Primers used are as follows: CXCL12 forward primer, 5Ј-GAGCCAACGTCAAGCATCTG-3Ј; CXCL12 reverse primer, 5Ј-CGGGT-CAATGCACACTTGTC-3Ј; CXCL12 dT-FAM/TAMRA probe, 5Ј-TC-CAAACTGTGCCCTTCAGATTGTTGC-3Ј; ␤-actin forward primer, 5Ј-ACCAACTGGGACGATATGGAGAAGA-3Ј; ␤-actin reverse primer, 5Ј-TACGACCAGAGGCATACAGGGACAA-3Ј; and ␤-actin dT-FAM/ TAMRA probe, 5Ј-AGCCATGTACGTAGCCATCCAGGCTG-3Ј. 
CXCR4 cell surface expression
Transwell migration assay
After red blood cell (RBC) lysis, bone marrow blood leukocytes cells were resuspended in RPMI plus 10% FBS and placed in the top chamber of a 24-well transwell plate (Corning). An aliquot of bone marrow (100 000 cells) and peripheral blood (100 L) was set aside for CFU-C assay to calculate the number of input CFU-Cs. Recombinant SDF-1 (100 ng/mL; R&D Systems) was placed in the bottom well, and the chamber was incubated for 3 hours at 37°C degrees. Cells were then harvested from the bottom well, and the number of migrated CFU-Cs was measured. The number of migrated CFU-Cs was divided by the input CFU-C number to calculate the percentage of migrated CFU-Cs.
CFU-C half-life assay
The bone marrow mononuclear fraction was isolated by density centrifugation using Lympholyte M (Cedarlane). Recipient mice were treated with a single subcutaneous injection of BIO5192 (1 mg/mL) or vehicle alone, and 6 million donor bone marrow mononuclear cells were adoptively transferred via tail vein injection. Recipient peripheral blood was sampled before adoptive transfer and at 2 and 30 minutes after adoptive transfer and the number of circulating CFU-Cs at each time point measured.
Histomorphometry
Osteoblasts in the bone marrow were quantified by histomorphometry, as previously described. 20 Briefly, femurs and tibiae were harvested, fixed overnight in 10% neutral formalin, decalcified by incubating in 14% EDTA at 40°C for 2 weeks, and then embedded in paraffin. To ensure that osteoclasts were excluded from the osteoblast count, deparaffinized sections were stained histochemically for tartrate-resistant acid phosphatase (TRAP) and counterstained with hematoxylin. Osteoblasts were counted in a blinded fashion in 4 to 6 200ϫ fields per section. In some cases, 2 sections 75 micrometers apart were taken from the same sample and osteoblast number was averaged. The number of osteoblasts per millimeter bone perimeter (N.Ob/mm) and percentage osteoblast surface (Ob.S/BS) were calculated using the OsteoMeasure Histomorphometry System (OsteoMetrics, Atlanta, GA).
Isolation of osteoblast lineage cells by flow cytometry
Bone marrow cells were recovered from the femurs of pOBCol2.3-GFP mice by flushing with PBS. The femurs were then infused with PBS containing 50 mg/mL type II collagenase (Worthington Biochemical) and incubated at 37°C for 15 minutes. The collagenase-treated femurs were flushed again with PBS, cells were pooled, and the process was repeated for a total of 6 digests. Pilot experiments demonstrated that virtually all recoverable GFP-positive cells were found in these 6 digests (data not shown).
To isolate osteoblast lineage and nonosteoblast cells, pooled fractions were stained with PE-conjugated antimouse CD45 and antimouse Ter119 antibodies (eBiosciences). CD45 Ϫ , Ter119 Ϫ , GFP ϩ (osteoblast), and GFP Ϫ (nonosteoblast) cells were sorted directly into TRIZOL using a MoFlo high-speed cell sorter (Dako).
In situ hybridization
In situ hybridization using a probe for CXCL12 was performed on deparaffinized sections from mouse long bones using 35 S-labeled riboprobes as described previously. 30 The sections were counterstained with toluidine blue before analysis. Images were acquired with a Leica DM LB microscope (Leica Microsystems) using a Leica NPlan 10ϫ/.025 objective and the Optronics Magnafire CE digital camera (Optronics). Images were processed using Adobe Photoshop (Adobe Systems).
Statistical analysis
Data are presented as mean plus or minus SEM. Statistical significance was assessed using a 2-sided Student t test.
Results
HSPC mobilization by G-CSF is abrogated in CXCR4 ؊/؊ bone marrow chimeras
CXCR4 Ϫ/Ϫ bone marrow chimeras were generated by transplanting CXCR4 Ϫ/Ϫ fetal liver cells into lethally irradiated wild-type recipient mice. Six weeks after transplantation, more than 90% of peripheral blood and bone marrow leukocytes and bone marrow c-Kit ϩ lineage Ϫ HSPCs were donor derived (supplemental Figure 1 [available on the Blood website; see the Supplemental Materials link at the top of the online article] and data not shown). Consistent with previous reports, 17 at baseline, the number of HSPCs in the blood and spleen of CXCR4 Ϫ/Ϫ chimeras was significantly increased compared with wild-type bone marrow chimeras ( Figure  1A-B) . As expected, G-CSF administration to wild-type chimeras resulted in mobilization of HSPCs into the blood (34.2 Ϯ 11.7-fold change from baseline) and spleen (14.3 Ϯ 2.6-fold change). In contrast, no change in the number of HSPCs in the blood (0.78 Ϯ .25-fold change) or spleen (1.1 Ϯ .4-fold change) was observed in CXCR4 Ϫ/Ϫ chimeras. The failure of CXCR4 Ϫ/Ϫ chimeras to mobilize is not simply due to a loss of HSPCs, since the number of CFU-Cs in the bone marrow is comparable with wild-type chimeras ( Figure 1C ; supplemental Table 1 ).
The absence of a mobilization response in CXCR4 Ϫ/Ϫ chimeras suggests at least 3 possibilities concerning the role of proteases in G-CSF-induced mobilization: (1) protease activation may be dependent upon CXCR4 signaling; (2) proteases may act by 
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CXCR4 signaling; or (3) proteases may not be required for G-CSF-induced HSPC mobilization. To test the first possibility, we assayed the activity of neutrophil elastase (NE) and metalloproteinases in the bone marrow after G-CSF administration. Consistent with previous reports, 5,16 G-CSF administration resulted in a significant increase in metalloproteinase and NE activity in the bone marrow of wild-type chimeras (Figure 2A-B) . Interestingly, a similar increase was observed in CXCR4 Ϫ/Ϫ chimeras. These data show that activation of NE and metalloproteinases is not dependent on CXCR4 signaling and suggests that these proteases do not contribute independently to mobilization.
VLA-4 blockade increases the number of circulating HSPCs in CXCR4 ؊/؊ bone marrow chimeras
To assess the contribution of VLA-4 signals to HSPC trafficking in the absence of CXCR4, we next treated control and CXCR4 Ϫ/Ϫ chimeras with BIO5192, a small molecule inhibitor of VLA-4. 31, 32 Treatment of wild-type chimeras with a single injection of BIO5192 resulted in an approximately 2.5-fold increase in circulating CFU-Cs that peaked at 3 hours and returned to baseline by 24 hours ( Figure 3A and data not shown) . A similar approximately 2.5-fold increase in circulating CFU-Cs was observed in CXCR4 Ϫ/Ϫ chimeras ( Figure 3B) . However, on an absolute basis, the increase from baseline in circulating CFU-Cs was much greater in CXCR4 Ϫ/Ϫ chimeras (18 520 Ϯ 3800) than wild-type chimeras (196 Ϯ 43) .
Previous studies have implicated VLA-4 in the homing of HSPCs to the bone marrow as well as their retention in the bone marrow, 14 raising the possibility that reduced clearance may contribute to the increase in HSPCs in the circulation after BIO5192 administration. To test this possibility, the clearance of wild-type CFU-Cs from the blood after adoptive transfer into nonirradiated wild-type mice treated with BIO5192 or vehicle alone was measured ( Figure 3C) . A similar increase and subsequent decrease in CFU-Cs in the blood after adoptive transfer were observed in control and BIO5192-treated mice, indicating that altered clearance of CFU-Cs from the circulation does not account for the increase in CFU-Cs after BIO5192 administration. Collectively, these data suggest that disruption of VLA-4 induces HSPC mobilization in a CXCR4-independent fashion.
Gro␤-induced HSPC mobilization is abrogated in CXCR4 ؊/؊ chimeras
The rapid kinetics of HSPC mobilization by chemokines (minutes) compared with G-CSF (days) suggests distinct mechanisms of mobilization. 3, 4, 33 Indeed, in contrast to G-CSF, there is no change in CXCL12 expression in the bone marrow after Gro␤ (CXCL2) administration. 34 Instead, Gro␤ (and other chemokines) are thought to induce HSPC mobilization through the activation of metalloproteinases. [34] [35] [36] To test these postulates, we characterized HSPC mobilization by Gro␤ in wild-type or CXCR4 Ϫ/Ϫ chimeras. Consistent with previous studies, treatment with Gro␤ in wild-type chimeras resulted in a modest (4.4 Ϯ 1.4-fold) but rapid increase in circulating CFU-C and serum metalloproteinase activity ( Figures 4A,C) . 36, 37 Surprisingly, despite induction of a similar level of serum metalloproteinase activity, no Gro␤-induced HSPC mobilization was observed; in fact, there was a small but significant decrease in For personal use only. on April 16, 2017 . by guest www.bloodjournal.org From circulating CFU-Cs after Gro␤ administration ( Figure 4B ). Consistent with these findings, pharmacologically inhibiting CXCR4 with AMD3100 completely blocked mobilization by Gro␤ in wild-type mice ( Figure 4D ). These data show that Gro␤-induced mobilization is dependent upon CXCR4 signaling.
Disruption of CXCL12/CXCR4 signaling is a common feature of cytokine-induced mobilization
Cytokines with distinct target cell populations and biologic activities are able to induce HSPC mobilization (reviewed in Thomas et al 38 ) . We hypothesized that disruption of CXCR4 signaling may be a common mechanism of mobilization by hematopoietic cytokines. To test this hypothesis, we characterized CXCL12 and CXCR4 expression after treatment with Flt3 ligand (Flt3L) or stem cell factor (SCF), 2 strong mobilizing cytokines. As expected, treatment of wild-type mice with Flt3L 39,40 or SCF 41-43 for 7 days resulted in a significant increase in circulating and splenic CFU-Cs ( Figure 5A and data not shown). Consistent with previous reports, KL hematopoietic progenitors mobilized by G-CSF into the blood had reduced cell surface expression of CXCR4 compared with BM-resident KL cells ( Figure 5B) . A similar decrease in CXCR4 expression was observed in KL cells mobilized with Flt3L but not SCF. In addition, both Flt3L-and SCF-mobilized KL cells showed reduced migration to CXCL12, suggesting impaired CXCR4 signaling ( Figure 5C ). A key step in G-CSF-induced HSPC mobilization is down-regulation of CXCL12 expression in the bone marrow. Indeed, G-CSF treatment resulted in an approximately 5-fold decrease in the level of CXCL12 protein and mRNA in the bone marrow, and a similar decrease in CXCL12 protein and mRNA expression was observed after treatment with Flt3L or SCF ( Figure 5D ). These data suggest that disruption of CXCR4 signaling is a common feature of G-CSF-, Flt3L-, and SCF-induced HSPC mobilization.
Cytokine administration results in the specific loss of osteoblast CXCL12
We and others have shown that the G-CSF-induced decrease in bone marrow CXCL12 is associated with a decrease in osteoblast number. 20, 22, 23 Since osteoblasts are an important source of CXCL12, 20, 44 we investigated whether the Flt3L-and SCF-induced decrease in CXCL12 expression was associated with a decrease in osteoblast number. Osteoblasts were enumerated on H&E-stained sections from mice treated with Flt3L, G-CSF, or SCF and compared with untreated mice. A similar decrease in endosteal and trabecular osteoblasts was noted in mice treated with each cytokine, indicating that loss of osteoblasts is a common feature of cytokine-induced mobilization ( Figure 6 ).
Controversy exists as to the contribution of osteoblastexpressed CXCL12 to total bone marrow CXCL12. 24, 25 Besides osteoblasts, other stromal cell types express CXCL12, including endothelial cells and CXCL12-expressing adventitial reticular (CAR) cells scattered throughout the bone marrow space. 24, 25, 44 To further define the cellular source of CXCL12 in the bone marrow, we performed RNA in situ hybridization for CXCL12 ( Figure 7A ). At baseline, CXCL12 mRNA was detected on endosteal and trabecular bone surfaces as well as in the intramedullary regions of the bone marrow. After G-CSF treatment, abundant scattered cells in the bone marrow continue to express CXCL12 ( Figure 7A arrowheads), although CXCL12 expression disappears from bone surfaces ( Figure 7A arrows) , suggesting that specifically osteoblast CXCL12 is targeted during G-CSF treatment. To confirm this finding, we used transgenic mice expressing GFP under control of a 2.3-kb fragment of the collagen I promoter. These mice express GFP in osteoblast lineage cells, including mature osteoblasts, bone lining cells, and osteocytes. 45 The bone marrow stromal cell population (defined as CD45 Ϫ Ter119 Ϫ ) can be divided into GFP ϩ osteoblasts and GFP Ϫ stromal cells ( Figure 7B ). 23 Osteoblast enrichment in the GFP ϩ fraction was confirmed by quantitative RT-PCR showing that expression of osteoprotogerin (OPG) and osteocalcin (OC), 2 markers of mature osteoblasts, were increased more than 2500-fold compared with the GFP Ϫ stromal cell fraction (supplemental Figure 1) . Using this procedure, the osteoblast and stromal cell fractions were isolated from mice after G-CSF, Flt3L, or SCF treatment, and expression of CXCL12 mRNA in each fraction was measured. Fewer GFP-positive cells were observed in cytokine-treated mice versus controls, consistent with the loss of osteoblasts observed histologically (data not shown). Within the remaining GFP-positive population, CXCL12 mRNA in mice Figure 4 . Gro␤ administration decreases the number of circulating HSPCs in CXCR4 ؊/؊ chimeras. Circulating CFU-Cs were measured in CXCR4 ϩ/ϩ (A, n ϭ 3-6) and CXCR4 Ϫ/Ϫ (B, n ϭ 5-11) chimeras at the indicated time points after administration of Gro␤ (2.5 mg/kg). (C) CXCR4 ϩ/ϩ (WT) or CXCR4 Ϫ/Ϫ (KO) chimeras (n ϭ 3-4 each group) were treated with Gro␤ or left untreated (ctrl). Serum was collected 15 minutes after treatment and assayed for metalloproteinase activity. (D) Wild-type mice (n ϭ 4 each group) were given a single injection of AMD3100 (5 mg/kg) and 3 hours later Gro␤ was administered. Shown is number of circulating CFU-Cs before and 15 minutes after Gro␤ administration. Data represent mean Ϯ SEM; *P Ͻ .05 compared with pretreatment; **P Ͻ .01 vs control.
with G-CSF, Flt3L, or SCF was markedly reduced ( Figure  7C ). In contrast, no decrease in CXCL12 mRNA expression was observed in GFP Ϫ stromal cells (data not shown). Together, these results suggest that loss of osteoblast-produced CXCL12 may represent a common pathway in cytokine-induced mobilization.
Discussion
HSPC mobilization is a complex biologic process that likely is mediated by several mechanisms. For G-CSF, the most intensively studied mobilizing agent, there is evidence that at least 3 general mechanisms of mobilization are induced: activation of proteases in the bone marrow microenvironment with subsequent cleavage of key regulatory molecules such as VCAM-1 and c-Kit; attenuation of adhesion molecule interactions, especially between VLA-4 and its ligand VCAM-1; and disruption of CXCL12/CXCR4 signaling. In theory, G-CSF may activate these different pathways in parallel, with each pathway contributing independently to mobilization. Alternatively, these mechanisms may functionally interact and/or converge on a common mobilization pathway. In this study, we used a genetic approach to characterize G-CSF-induced HSPC mobilization in the absence of CXCR4 signals. The data show that G-CSF-induced HSPC mobilization is abrogated in the CXCR4 Ϫ/Ϫ bone marrow chimeras. This failure to mobilize does not result from the loss of the mobilizable HSPC pool, since CFU-Cs are efficiently mobilized by BIO5192 in CXCR4 Ϫ/Ϫ chimeras. These findings suggest a model in which all signals induced by G-CSF that contribute to mobilization converge on the CXCL12/CXCR4
pathway. In this model, protease activation either plays a minor role in G-CSF-induced HSPC mobilization or works through disrupting CXCR4 signals. Consistent with the latter possibility, proteases activated by G-CSF have been shown to cleave CXCL12 and CXCR4. 7, 21 Interestingly, there was a trend toward a reduced number of HSPCs in the bone marrow after G-CSF treatment in both CXCR4 ϩ/ϩ and CXCR4 Ϫ/Ϫ chimeras. This decrease is not likely the result of HSPC mobilization from the bone marrow because (1) the magnitude of the decrease in bone marrow HSPCs is greater than the number of HSPCs mobilized and (2) the magnitude of the decrease in bone marrow CFU-Cs was similar in CXCR4 ϩ/ϩ and CXCR4 Ϫ/Ϫ chimeras, despite the latter's failure to mobilize (Figure 1A-C; supplemental Table 1 ). Instead, though additional study is required, we favor a model in which changes in the bone marrow microenvironment (eg, loss of osteoblasts) result in a loss of HSPCs through decreased proliferation and/or survival.
Compared with cytokines, chemokine-induced HSPC mobilization is very rapid, with peak mobilization achieved within 60 minutes of chemokine administration. 36, 46 This observation strongly suggests that mechanisms of mobilization by chemokines are distinct from that of cytokines. Neutrophils play an indispensable role, since neutrophil depletion prevented interleukin-8 (IL-8)-induced mobilization in mice. 47 Moreover, there is evidence that neutrophil proteases contribute to chemokine-induced mobilization. Antibodies against MMP-9 or Serpina1, a serine protease inhibitor, partially blocked HSPC mobilization by Gro␤ and IL-8. 34 ,48 Surprisingly, our data suggest that chemokine-induced mobilization also is dependent upon CXCR4 signaling. HSPC mobilization by Gro␤ was blocked in CXCR4 Ϫ/Ϫ chimeras and in wild-type mice treated with AMD3100, although the possibility remains that the relatively weak mobilization seen with Gro␤ treatment may be masked by the considerably greater mobilization induced by CXCR4 blockade. The mobilization defect does not appear to result from a failure to activate proteases, since serum metalloproteinase activity after Gro␤ treatment was comparable in CXCR4 Ϫ/Ϫ and control chimeras. The interaction between Gro␤/ CXCR2 and CXCR4 signaling in HSPC trafficking will require more work to elucidate.
Disruption of adhesive interactions between HSPCs and the bone marrow stroma is also believed to play a role in HSPC mobilization. Specifically, inhibition of VLA-4 or VCAM-1 function, either with neutralizing antibodies or by genetic ablation, induces HSPC mobilization. 13, 15 Herein, we show that disrupting VLA-4 signaling with BIO5192 results in robust HSPC mobilization in the absence of CXCR4. Remarkably, more than 30 000 CFU-Cs/mL were detected in the blood of CXCR4 Ϫ/Ϫ chimeras after treatment with BIO5192, representing an approximately 3000-fold increase from untreated control mice. These findings suggest that CXCR4 and VLA-4 are the dominant signals regulating HSPC release from the bone marrow. Of note, the ability of BIO5192 to mobilize HSPCs independently of CXCR4 signaling does not rule out the possibility that VLA-4 inhibition occurs downstream of CXCL12/CXCR4 inhibition as well. Indeed, previous studies indicate that CXCR4 signaling leads to cytoskeletal reorganization, which may lead to changes in HSPC motility and adhesion to bone marrow stroma. 26, [49] [50] [51] A striking feature of HSPC mobilization is the diversity of target cell populations and biologic activities of the many different mobilizing cytokines. In the present study, we provide evidence that disruption of CXCL12/CXCR4 signaling may be a common mechanism of cytokine-induced HSPC mobilization. Specifically, treatment with Flt3 ligand and SCF, similar to G-CSF, is associated with a decrease in CXCL12 expression in the bone marrow. The previously observed synergy between G-CSF and either Flt3 ligand and SCF likely reflects more complete inhibition of CXCL12 production. 39, 40, 43 The mechanisms by which G-CSF (and other cytokines) decrease bone marrow CXCL12 expression are controversial. We previously showed that the decrease in CXCL12 protein in the bone marrow after G-CSF treatment strongly correlates with the decrease in CXCL12 mRNA. 20 This finding strongly argues against a posttranslational mechanism (eg, proteolytic cleavage). In the bone marrow, CXCL12 is expressed in osteoblasts, endothelial cells, and spindle-shaped CAR cells scattered throughout the bone marrow. 20, 22, 23 Our data suggest that the loss of CXCL12 expression after cytokine treatment is primarily due to the suppression of osteoblast lineage cells. First, loss of osteoblasts is a common finding in G-CSF, Flt3L, and SCF treatment. Second, sorting experiments suggest that CXCL12 expression in osteoblasts but not other stromal cells is decreased after cytokine treatment. This finding is corroborated by RNA in situ hybridization data showing that G-CSF treatment results in loss of CXCL12 expression on endosteal surfaces but not in the intramedullary region of the bone marrow. Together, these data suggest that decreased CXCL12 expression through suppression of osteoblast lineage cells is a common mechanism of cytokine-induced HSPC mobilization. For personal use only. on April 16, 2017 . by guest www.bloodjournal.org From Consistent with previous reports, CXCR4 expression on mobilized HSPCs is significantly reduced compared with bone marrowresident HSPCs (as measured by KL cells, Figure 5C ). 21 It is unclear whether CXCR4 down-regulation represents a necessary step in HSPC mobilization or merely reflects phenotypic differences between mobilized and bone marrow-resident HSPCs. 52 Interestingly, CXCR4 expression on bone marrow-resident HSPCs is unchanged or even increased after cytokine treatment. 7 Our data suggest that CXCL12 expression is selectively decreased in osteoblasts after cytokine treatment, with relative preservation of CXCL12 expression from endothelial and perivascular cells. These observations raise the intriguing possibility that the shift in CXCL12 expression from endosteal to perivascular sites may result in directed migration of HSPCs to the vascular niche with subsequent emigration into the blood. This hypothesis is currently being tested.
There is considerable clinical interest in developing improved strategies to disrupt the interactions of HSPCs with bone marrow stromal cells. Not only would this potentially lead to better HSPC mobilization regimens for stem cell transplantation, but it may also be relevant to the treatment of hematologic malignancies. Specifically, mobilization of leukemic stem cells from their protective bone marrow microenvironment may render them more sensitive to chemotherapy. [53] [54] [55] Our data suggest that strategies that more completely inhibit CXCR4 signaling would be highly effective. Consistent with this hypothesis, administration of AMD3100 by continuous intravenous infusion was found to result in a much greater mobilization than administration of a single bolus. 56 Our data also suggest that combination therapy with agents that target the CXCR4/CXCL12 and VLA-4/VCAM pathways would act synergistically and be highly effective. Indeed, Ramirez and DiPersio show that combination treatment with AMD3100 and BIO5192 resulted in robust mobilization in mice (Pablo Ramirez and John DiPersio, Washington University, written personal communication).
In summary, our data support a model in which disruption of CXCR4/CXCL12 signaling is a common and dominant mechanism of HSPC mobilization by cytokines and possibly chemokines. Multiple pathways induced during mobilization may contribute to the disruption of CXCR4 signaling, including decreased CXCL12 expression, proteolytic cleavage of CXCR4, and possibly functional inactivation of CXCR4. Suppression of osteoblast lineage cells appears to be a shared feature of cytokine-induced mobilization and likely accounts for the decrease in CXCL12 in the bone marrow. The mechanism by which cytokines suppress osteoblasts is an area of active investigation.
